Macroscopic magnetic properties and microscopic magnetic structure of Rb 2 Mn 3 (MoO 4 ) 3 (OH) 2 (space group P nma) are investigated by magnetization, heat capacity and single-crystal neutron diffraction measurements. The compound's crystal structure contains bond-alternating [Mn 3 O 11 ] ∞ chains along the b-axis, formed by isosceles triangles of Mn ions occupying two crystallographically nonequivalent sites (Mn1 site on the base and Mn2 site on the vertex). These chains are only weakly linked to each other by nonmagnetic oxyanions. Both SQUID magnetometry and neutron diffraction experiments show two successive magnetic transitions as a function of temperature. On cooling, it transitions from a paramagnetic phase into an incommensurate phase below 4.5 K with a magnetic wavevector near k 1 = (0, 0.46, 0). An additional commensurate antiferromagnetically ordered component arises with k 2 = (0, 0, 0), forming a complex magnetic structure below 3.5 K with two different propagation vectors of different stars. On further cooling, the incommensurate wavevector undergoes a lock-in transition below 2.3 K. The experimental results suggest that the magnetic superspace group is P nma.1 (0b0)s0ss for the single-k incommensurate phase and is P n ma(0b0)00s for the 2-k magnetic phase. We propose a simplified magnetic structure model taking into account the major ordered contributions, where the commensurate k 2 defines the ordering of the c-axis component of Mn1 magnetic moment, while the incommensurate k 1 describes the ordering of the ab-plane components of both Mn1 and Mn2 moments into elliptical cycloids. PACS numbers: 75.25.+z, 75.50.Ee, 61.12.Ld * liuyh@ornl.gov. This manuscript has been authored by UT-Battelle, LLC under Contract No. DE-AC05-00OR22725 with the U.S. Department of Energy. The United States Government retains and the publisher, by accepting the article for publication, acknowledges that the United States Government retains a nonexclusive, paid-up, irrevocable, world-wide license to publish or reproduce the published form of this manuscript, or allow others to do so, for United States Government purposes. The Department of Energy will provide public access to these results of federally sponsored research in accordance with the DOE Public Access Plan(http://energy.gov/downloads/doe-public-access-plan).
I. INTRODUCTION
Geometrically frustrated magnetic systems host many interesting electronic and magnetic phenomena and have attracted enduring research efforts [1] [2] [3] . Certain oxyanion materials containing magnetic transition-metal oxide motifs that are magnetically separated from each other by nonmagnetic ligands, e.g., closed-shell ion clusters [AsO 4 ] 3− , [MoO 4 ] 2− and [VO 4 ] 3− , have become a fertile ground to investigate emergent quantum phenomena in lowdimensional frustrated magnetic systems [4] [5] [6] . Among these materials, delta spin chain (a.k.a. sawtooth chain) systems are of particular interest because of geometrical frustrations [7] [8] [9] [10] [11] [12] [13] . For example, recent studies on Rb 2 Fe 2 O(AsO 4 ) 2 have found complex magnetic behaviors that originate from strongly frustrated interactions within the sawtooth chains and relatively weak coupling between them [9] .
While Rb 2 Fe 2 O(AsO 4 ) 2 has sawteeth on opposite sides of the spin chain, the newly discovered compound Rb 2 Mn 3 (MoO 4 ) 3 (OH) 2 is a bond-alternating chain system [14] , where all the sawteeth of each spin chain are sitting on the same side with no shared magnetic ions between adjacent sawteeth. It looks like a spin chain (Mn1 sites) decorated with magneticion pendants (Mn2 sites) (see Fig. 1 ). Here we report the magnetic properties and magnetic structure of the latter compound, which contains three dissimilar exchange interactions between nearest neighbors inside each individual spin delta chain. From magnetic susceptibility and heat capacity measurements as well as neutron diffraction experiments, we have found two successive magnetic transitions in Rb 2 Mn 3 (MoO 4 ) 3 (OH) 2 on cooling. It enters into an incommensurate phase below 4.5 K with a magnetic wavevector near k 1 = (0, 0.46, 0). A second antiferromagnetically ordered component shows up with a commensurate wavevector k 2 = (0, 0, 0), which coexists with the incommensurate component below 3.5 K, forming a complex magnetic structure with two different propagation vectors of different stars. On further cooling, the incommensurate wavevector undergoes a lock-in transition below 2.3 K.
Our experimental results show that the magnetic superspace group is P nma.1 (0b0)s0ss (in standard setting: P bnm1 (00g)s00s (62.1.9.4m442.2)) for the single-k incommensurate phase and is further lowered down to P n ma(0b0)00s (in standard setting: P bn m(00g)s00 (62.1.9.4m443.1)) for the 2-k magnetic phase. For the major ordered contributions, the commensurate k 2 defines the ordering of the c-axis component of Mn1 magnetic moment, while the incommensurate k 1 comes from ordering of the ab-plane components of both Mn1 and Mn2 moments into elliptical cycloids. To our best knowledge, this is the first realization of such a bond-alternating delta chain. The experimental results will be the benchmark for future theoretical investigations on the complex magnetic properties of this new decorated spin-chain system.
II. SAMPLES AND EXPERIMENTS
Rb 2 Mn 3 (MoO 4 ) 3 (OH) 2 single crystals have been grown by the high-temperature highpressure hydrothermal method [14] . Figure 1(a) shows the picture of a couple of single crystals, which form prismatic dark green crystals with typical sizes of 0.5 × 1.0 × 2.5 mm 3 , with the long edge being closely along the b-axis. [14] . The data were refined in the orthorhombic space group P nma, and the refined lattice parameters at 300 K are a = 18.3294(6)Å, b = 6.2474(2)Å and c = 12.4969(4)Å.
ing the atomic coordinates and the displacement parameters. Detailed descriptions of the synthesis and the structure have been published [14] . Lorentz and spectrum corrections [16] . The integrated Bragg intensities were obtained from integration in the 3D reciprocal space and were corrected for background. Temperature dependence studies were performed at a couple of selected angles optimized for signals from selected Bragg peaks of interest between 1.50 K and 5.50 K.
Possible magnetic structures were first investigated by the representation analysis method using the SARAh program [17] . This methodology was pioneered by Bertaut [18] and Izyumov [19] , where the magnetic structure models are generated by summing over independent basis modes that transform according to active irreducible representations (irreps) of the space group of the paramagnetic phase [20, 21] . Chemical and magnetic structural refinements were then carried out with the FullProf Suite program [22] . To solidify the refinement results, the magnetic structures were further explored with the magnetic space and superspace group (a.k.a. Shubnikov and Shubnikov superspace groups) approaches, which give a phenomenological description of magnetic structures. Providing the magnetic moment of one magnetic atom, the symmetry operations of the magnetic group will generate magnetic moments of all other atoms in the same magnetic orbit. At the same time, each spin component is subject to site-symmetry constraints if the magnetic atom is not in a general position. For the commensurate magnetic structure, maximal magnetic space groups were found with the MAXMAGN program [23] , and the generated magnetic structure models were refined with the FullProf Suite program [22] . For the incommensurate magnetic phase, the magnetization density distribution breaks the translation symmetry of the nuclear structure in the 3D space. However, the modulated magnetic structure can be mapped into an artificial space with a higher dimension using the superspace approach [24] [25] [26] , where the translational symmetry is recovered by introducing new variables, i.e., the internal phase shifts that represent translations along the additional superspace coordinate axes. Experimental data were analyzed using the magnetic superspace group approach implemented in the software JANA2006 [26, 27] and the on-line software ISODISTORT [28] . The magnetic superspace group reported from the JANA2006 refinement were updated to the standard setting using the on-line software FINDSSG [29, 30] .
III. MAGNETIC SUSCEPTIBILITY AND HEAT CAPACITY
Magnetization measurements were performed on single crystals with the long-edge aligned parallel to the applied magnetic field. Figure 2 (a) shows the temperature dependence of inverse magnetic susceptibility χ −1 . There is a weak anisotropy in magnetic susceptibility between the field parallel and perpendicular to the long edge (data not shown). The high temperature portion of the inverse susceptibility was fitted with the Curie-Weiss model,
where Θ CW is the Weiss constant. From the best fit, an effective moment shows the magnetic susceptibility of the low temperature region, where χ shows a downturn on cooling below 4.7 K, suggesting the onset of a long-range antiferromagnetic magnetic order below T N 1 ≈ 4.7 K. An anomalous slope change also exists around T N 2 ≈ 3.2 K, suggesting a second magnetic phase transition. These two anomalies can be easily seen in dχ/dT , where dχ/dT changes sign and shows a peak at T N 1 and T N 2 , respectively. The 3.2-K anomaly is obvious from the heat capacity measurement too, where it gives rise to a λ-shape peak, as shown in Fig. 2 (c). The heat capacity shows an additional kink at 2.6 K, which corresponds to a slope change in dχ/dT and indicates some sudden changes in the magnetic structure. Note that Θ CW is significantly higher than T N 's, suggesting strongly frustrated interactions with a frustration parameter f = |Θ CW |/T N 1 ≈ 24.
IV. MAGNETIC STRUCTURES FROM SINGLE CRYSTAL NEUTRON DIFFRAC-TION

A. temperature dependence of magnetic wavevectors
To clarify the nature of the anomalies observed in the magnetic susceptibility and the heat capacity data, we performed single crystal neutron diffraction experiments between 1.5 K and 5.5 K with a fine temperature step size of 0.25-0.50 K. Figure 4 shows the representative 2D slices in the (0, k, l) plane at temperatures below T N 2 , between T N 1 and T N 2 , and above T N 2 . It is obvious that features inside the circles show strong temperature dependence. Inside the small circles, the commensurate Bragg peak is clearly visible at 1.50 K, but significantly dimmed at 3.75 K and 5.50 K. Inside the big circles, there are incommensurate Bragg peaks with a modulation wavevector around (0, 0.46, 0) at 1.50 K and 3.75 K, which are absent at 5.5 K. The incommensurate Bragg peaks become weaker at locations with both a high K and a high L indices, suggesting their magnetic scattering origin. This is more obvious in the mesh scan dataset shown below in Fig. 6 (a). Figure 4 shows the temperature dependence of the integrated peak intensities and the peak profiles (inset) for selected peaks. The integrated peak intensities were achieved by peak profile fitting against the d-spacing value after converting the data from the detector space to the d-space. To minimize uncertainties, Lorentz and spectrum corrections were not performed; therefore, the intensities from different peaks are not directly comparable.
The integer Bragg peak (0, 0, 6) shows no obvious anomaly on cooling, suggesting no structure transformation occurring at low temperatures. The low-Q Bragg peak (0, − 1, − 1) shows a large enhancement of intensity below 3.50 K, indicating a magnetic scattering contribution associated with a commensurate wavevector (0, 0, 0). The incommensurate Bragg peak near (2, − 0.46, − 1) shows the onset of long-range magnetic order below 4.5 K. From the inset of Fig. 4 (c), a small but notable change in the d-spacing corresponds to the incommensurate peak. After transforming the data into the reciprocal space ( Fig. 5 ), it is clearly seen that the incommensurate wavevector changes as a function of temperature and undergoes a lock-in transition below 2.3 K. Therefore, the anomalies observed in the heat capacity and the magnetic susceptibility data discussed in Sec. III correspond to various magnetic structure transitions found in the neutron diffraction data. Overall, the sample experiences a paramagnetism to incommensurate-antiferromagnetism phase transition at 4.5 K on cooling, and then forms a complex magnetic structure with two wavevectros from different orbits below 3.5 K. On further cooling, the incommensurate wavevector undergoes a lock-in transition below 2.3 K. A mesh scan by rotating the sample through 120 • was conducted at the base temperature of 1.50 K to cover both [0 0 L] and [0 K 0] axes. Figure 6(a) shows the slice-cut in the (0, k, l) plane. Interestingly, the satellite peak intensity shows a non-monotonic dependence on L for small K's. As shown by the line-cut in Fig. 6(b) , the peak intensity increases first as L increases before it eventually decreases. For an orthorhombic lattice, such a dependence suggests that the relevant ordered magnetic moment has a much larger component in the ab-plane than the component along the c-axis, because of the vectorial nature of the neutronmagnetic moment interaction [31] . There are also a selection-rule-like feature for the satellite peaks along the [0, K, 0] direction. As shown by the line-cut ( Fig. 6(c) ), they are very pronounced for odd integer Ks, but barely observable for even integer Ks. This feature has been used to distinguish magnetic structure models that give rise to comparable refinement results.
Incommensurate magnetic structure models were investigated using the representation analysis with the program SARAh [17] to determine the symmetry-allowed magnetic structures that can result from a second-order magnetic phase transition given the crystal struc- Wyckoff orbits are connected by the space inversion symmetry, and the splitting is because the symmetry mode analysis adapted by the Sarah program does not take into account the space inversion symmetry operation that transforms k into -k [26, 32] .
There are four one-dimensional irreps associated with the little group G k1 . The decompositions of the magnetic representation for the three Mn sites (Mn1a, Mn1b and Mn2) have the same form, Γ M ag = 3Γ 1 1 + 3Γ 1 2 + 3Γ 1 3 + 3Γ 1 4 . The labeling of the IRs follows the scheme used by Kovalev [33] . For all these IRs, there is no restriction on the magnetic moment directions on any Mn atoms. Simulated annealing was used to prescreen potential models based on individual single IR. Both the spin density wave (SDW) model and the cycloid model based on Γ 3 fit the experimental data significantly better than other models. Table III lists the basis vectors ψ i associated with the IR Γ 3 for the three Mn sites. Refinement shows that the cycloid model is slightly better than the SDW model. Figure 7a shows the incommensurate magnetic structure generated from the best model.
As mentioned above, the operations that interchange k and -k was overlooked in our representation analysis, therefore it allows the independent magnetization modulations for Mn1a and Mn1b sites, a pair of atoms related by the space inversion operation [26, 32] . During the refinement, the amplitudes of the Mn1a and Mn1b sites were constrained to be equal since they are on chemically equivalent sites, but there was no constraint on their relative orientations. As mentioned above, the vectorial magnetization distribution are expressed as a linear combination of the mutually orthogonal basis vectors. Therefore, there are multiple combinations that can constraint the amplitudes of the Mn1a and Mn1b sites to be equal, We have further used the magnetic superspace group approach to identify the potential models of the incommensurate magnetic structure, using the software JANA2006 [26, 27] , and the software ISODISTORT [28] . Recent development of the superspace algorithm have shown that the superspace symmetry will generally introduce either stricter or equivalent restrictions on the magnetic structures than the representation method alone [26] . In the superspace formalism [25] , the modulated magnetic moment of an atom located at the position r ν in the unit cell of the basic structure can be expressed as a Fourier series:
where M ν0 is the absolute term, and M ν,ms and M ν,mc are the amplitudes of the sine and cosine terms, respectively. The first term (m = 0) will contribute to scattering intensity to main reflections and the harmonic terms (m = 1, 2, ...) will give rise to magnetic satellite peaks.
We only observed first harmonics peaks for the single-k incommensurate phase, therefore it is sufficient to only consider m = 1 terms. The Fourier components can be decomposed into three components along the principal crystallographic directions, and each spin component will be subjected to site-symmetry constraints if the magnetic atom is not in a general position. Jana2006 reports four primary superspace groups for the extend little group G k,−k (k = (0, 0.46, 0)), each of which corresponds to a two-dimensional representation. They are P nma.1 (0b0)000s, P nma.1 (0b0)s0ss, P nma.1 (0b0)s00s, and P nma.1 (0b0)00ss, respectively. The superspace groups P nma.1 (0b0)s0ss and P nma.1 (0b0)00ss give significantly better refinement results than the other two. P nma.1 (0b0)s0ss gives the best refinement result and reproduces the reflection condition for satellite peaks along [0, K, 0], as observed experimentally (Fig. 6(c) ). The symmetry constraints of P nma.1 (0b0)s0ss on the spin components as well as the final refined results are shown in V.
The refinement show that m cz and m sz are vanishingly small for both Mn sites, validating the simplified model only considering ordered moments in the ab plane. From the amplitudes of the sine and cosine components, it is easy to find that the spin modulation along the a In addition to the magnetic superspace group (or its equivalent magnetic superspace group) listed by Jana2006, ISODISTORT lists a second isotropy subgroup with a lower symmetry for each of the four two-dimensional representations. The space inversion symmetry operator is not included in these additional superspace groups, which thus require two instances of the irrep modes from the same irrep and allow more complex magnetic structures. However, the higher-symmetry P nma.1 (0b0)s0ss superspace group is sufficient from Jana2006 of the magnetic Mn atoms from the Shubnikov superspace group P n ma(0b0)00s.
The model was refined against the dataset collected at 1.5 K, with 515 Bragg peaks, including 331 main reflections and 184 satellites. For the parent magnetic superspace group P nma.1 (0b0)s0ss, M 0 (m = 0 components) for both sites is restricted to be zero, while the symmetry constrains on sine and cosine Fourier components are same as those of P n ma(0b0)00s.
to describe the experimental results and further decreasing the symmetry is not guaranteed. Using the on-line software FINDSSG [29, 30] , P nma.1 (0b0)s0ss was converted to the standard setting, P bnm.1 (00g)s00s (62.1.9.4.m442.2), which has a point group symmetry of mmm1 .
C. commensurate magnetically ordered component with k 2 = (0, 0, 0)
By comparing the scattering pattern below and above T N 2 , we have found that when K is an even integer, the magnetic scattering contribution to the Bragg peaks are vanishingly small, if any. Based on this observation, we can expect an antiferromagnetic magnetic structure associated with k 2 = (0, 0, 0), which agrees with the magnetic susceptibility data. only allow a non-zero magnetic moment in the ac-plane; and Γ 1 , Γ 4 , Γ 5 and Γ 8 only allow a non-zero magnetic moment along the c-axis. From the magnetic symmetry approach, there are 8 possible maximal magnetic space groups. There is a one to one correspondence between the IR and the maximal magnetic space group for this case. From IR Γ 1 to Γ 8 , they correspond to magnetic space groups P nma(#62.441), P n m a (#62.449), P nm a (#62.447), P n ma(#62.443), P n ma (#62.448), P nm a(#62.444), P n m a(#62.446) and P nma (#62.445), respectively.
Various models based on each individual IR were fitted against the experimental data.
We first refined both the nuclear structure and the commensurately ordered magnetic component simultaneously using the main reflection data collected at 1.5 K, which consists of both nuclear scattering and magnetic scattering contributions. For the incommensurate magnetic structure, the ordered magnetic moments mainly lie in the ab-plane with no abrupt change of the incommensurate peak intensities near T N 2 . Therefore, it is reasonable to consider that the commensurate magnetization component has additionally ordered moments aligned along the c-axis. Refinement shows that only the magnetic structure described by the IR Γ 4 (magnetic space group P n ma(#62.443)) agrees with the experimental data. Table VI lists the basis vectors for the IR Γ 4 , and Fig. 7b shows the refined magnetic structure model. We have further relaxed the model to allow the magnetic moments along all symmetry-allowed directions and used simulated annealing to search for potential models.
However, no significant improvement has been found. To better separate the nuclear and the magnetic contributions to the Bragg peak intensities, we also refined the nuclear and magnetic structures separately using two datasets. The nuclear model was fitted against the data collected above T N 2 and the magnetic model was fitted against the difference between the data collected below and the above T N 2 , respectively. The high-temperature and low-temperature datasets were collected at 4.8 ± 0.6 K and 1.8 ± 0.3 K, respectively. As expected, we obtained the same magnetic structure but slightly reduced ordered moment.
The refined ordered moment values are listed in Tab. IV.
D. two-k magnetic structure at low temperatures
In Sec. IV A, we have shown that the magnetic structures in Rb 2 Mn 3 (MoO 4 ) 3 (OH) 2 has both commensurate and incommensurate components below 3.2 K, forming a complex magnetic structure with two different propagation vectors of different stars. In the language of the symmetry group, the appearance of the second wavevector k 2 = (0, 0, 0) means that the symmetry of the magnetic superspace group of P bnm.1 (00g)s0ss needs to be further lowered to allow the additional magnetic ordering. Effectively, the symmetry operator {1 |000 1 2 } that is associated with the existence of a single primary incommensurate wavevector needs to be dropped. There are several maximal subgroups without this operation. The one associated with the P n ma(#62.443) and P nma.1 (0b0)s0ss is P n ma(0b0)00s with an origin shift of (0, 0, 0, 1/4), which agress with the experimental data very well. It can be transformed into the standard setting, P bn m(00g)s00 (62.1.9.4.m443.1), with a point group symmetry mmm . This new superspace group will allow a non-zero m = 0 term in Eq. 1.
The symmetry constraints on the additionally ordered spin components as well as the refined results are shown in Tab. V, which shows that additionally ordered moment is mostly from the c-component of the Mn1 magnetization, supporting the previous irrep mode analysis.
As mentioned above, we have proposed a simplified magnetic structure model to describe the major components of the ordered moment. In this model, the incommensurate component and the commensurate component are mutually normal to each other, as shown in proach (using basis-vectors) and the magnetic space and superspace approach, we note that they have the same constrains and can give rise to the same results for the commensurately ordered component. However, there are some subtle differences for the incommensurately ordered magnetic component. If we only consider the ordered moment in the ab plane for the incommensurate component, the irrep mode approach shows a slightly non-collinear spin structure within each spin triangle, however the superspace approach shows a simpler structure that moments are essentially linear within each spin triangle. In particular, the symmetry operation of the superspace group requires that the ordered moment in the ab plane for Mn1a and Mn1b sites are parallel to each other inside each triangle, but the irrep mode approach does not have this constraint. The two incommensurate component will be equivalent if in the irrep mode approach there was a phase difference of 0.31×2π between the Mn1a and Mn1b sites and a phase difference of 0.49 × 2π between the Mn1a and Mn2 sites.
The experimental value for the Mn1a/Mn2 site (0.46(2) × 2π) is close to this requirement.
However, the experimental value of the Mn1a/Mn1b sites (0.243(8) × 2π) is off without considering the symmetry constraint. Such a discrepancy between these two approaches has been seen in other systems too [20] .
The previously reported Rb 2 Fe 2 O(AsO 4 ) 2 shows one magnetic transition on cooling and has a commensurate single-k magnetic structure at low temperature [9] . In contrast, Rb 2 Mn 3 (MoO 4 ) 3 (OH) 2 shows two obvious magnetic transitions on cooling and displays a complex two-k magnetic structure below 3.5 K with both a commensurate and an incommensurate components. This additional complexity may be caused by the alternating bond lengths in Rb 2 Mn 3 (MoO 4 ) 3 (OH) 2 along the spin chain. This hypothesis requires further theoretical investigation, which is beyond the scope of the current manuscript.
V. SUMMARY Rb 2 Mn 3 (MoO 4 ) 3 (OH) 2 is a newly discovered bond-alternating decorated spin chain system. There are three different nearest-neighbor exchange interactions inside each individual chain. We have studied its magnetic properties and magnetic structures and found two successive magnetic phase transitions on cooling. It transitions from a paramagnetic phase into an incommensurate phase below 4.5 K. An additional antiferromagnetically ordered component arises with k 2 = (0, 0, 0) below 3.5 K, forming a complex magnetic structure with two different propagation vectors of different stars. On further cooling, the incommensurate wavevector undergoes a lock-in transition below 2.3 K. We have found that the magnetic superspace group in the standard setting is P bnm1 (00g)s00s (62.1.9.4m442.2) for the single-k incommensurate phase and is P bn m(00g)s00 (62.1.9.4m443.1) for the 2-k magnetic structure. The experimental results show an exemplary case of complex magnetic magnetic structures that delta chain systems can host and will be the touchstone for future theoretical investigations on this intriguing bond-alternating decorated spin chain system.
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